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PREFACE 
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An  understanding  of  the  statistical  nature  of  aircraft  wake 
vortex  behavior  can  lead  to  improved  airport  capacity.  This 
report  presents  statistical  data  on  the  decay  of  wake  vortex 
strength  measured  with  the  Monostatic  Acoustic  Vortex  Sensing 
System  (MAVSS) .  The  data  might  be  used  to  refine  the  wake  vortex 
aircraft  categories  (of  specific  interest  is  the  current  division 
of  B-707s  and  DC-8s  into  two  categories)  and  to  assess  the  influence 
of  various  meteorological  conditions  on  wake  vortex  decay. 
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1.  INTRODUCTION  AND  SUMMARY 


1.1  INTRODUCTION 

The  federal  Aviation  Administration  (IAAJ  categorizes  air¬ 
craft  for  separation  purposes  into  three  groups  according  to  the 
maximum  certificated  gross  takeoff  weight: 

C ATI! GORY  MAX  ■  ■  GLUT  1 1- 1 CATHD  GROSS  I  AK1QI  I  ivh  I  GUT  ,  IV 

Small  W  <  12,500  lb 

Large  1  2,500  lb  <  If  <  300,000  lb 

Heavy  300,000  lb  <_  W. 

The  selection  of  the  boundaries  between  the  categories  was  deter¬ 
mined  both  by  the  original  intent  of  the  categories  and  by  the 
aircraft  types  existing  at  the  time  of  the  selection.  The  divi¬ 
sion  between  Small  and  Large  at  12,500  lb  (5 "00  kg)  was  formally 
made  in  Amendment  10  to  Civil  Air  Regulation  (CAR)  3  in  1953  which 
limited  the  applicability  of  CAR  3  to  airplanes  having  a  maximum 
weight  of  12,500  lb  or  less.  The  weight  division  fell  in  the 
middle  of  the  large  gap  between  the  few  tiiousand- pound  general 
aviation  aircraft  and  the  approximately  2S,000  lb  (12,700  kg) 

DC-3.  Subsequent  development  of  aircraft  has  filled  in  this  gap 
so  that  one  of  the  original  selection  criteria  no  longer  pertains. 

The  introduction  of  jet  transports  into  airline  service  in 
1959  increased  the  concern  about  the  effects  of  successively  lai  - 
ger  aircraft  on  traffic  spacing.  With  the  advent  of  the  jumbo 
jet,  concern  was  again  expressed  over  the  possibility  that  the 
wake  vortices  generated  by  these  aircraft  would  be  a  hazard  to 
other  aircraft  flying  within  the  terminal  area.  The  division 
between  Large  and  Heavy  aircraft  was  made  in  1970  at  300, 000  lb 
(156,000  kg)  in  order  to  deal  with  the  wake  vortex  hazard.  The 
introduction  of  the  Boeing  747  more  than  doubled  the  maximum 
certificated  gross  takeoff  weight  of  jet  transport  aircraft. 

Might  tests  (Ref.  1)  showed  the  B-747  vortices  could  produce  a 


significant  hazard  to  following  aircraft  at  the  3-naut ical -mi lc 
Instrument  Flight  Rules  (IFR)  separation  standard  in  use  at  that 
time.  In  order  to  eliminate  the  apparent  hazard,  the  separation 
standards  were  increased  behind  the  newly  created  category  of 
Heavy  aircraft. 

At  that  time  (.1970)  new  heavy  versions  of  the  B-707  and  PC -8 
had  already  been  introduced.  The  dividing  line  between  Large  and 
Heavy  was  set  at  300,000  lb  to  include  these  heavier  aircraft  with 
the  B-747  in  order  to  minimize  the  vortex  hazard  to  following  air¬ 
craft.  Subsequently,  the  weight  gap  between  the  B-707/DC-8  and 
B-747  was  filled  by  the  L-1011,  PC-10,  and  A-500. 

At  the  present  time,  the  original  decision  to  split  both  the 
B-707  and  DC-8  aircraft  into  two  weight  categories  appears  to  be 
arbitrary  and  confusing.  If  all  B-707  and  PC -8  aircraft  could  be 
safely  classified  as  Large,  reductions  could  be  achieved  in  the 
wake  vortex-caused  delays  at  congested  airports.  Reference  2 
indicated  that  placing  the  stretched  versions  of  the  PC -8s  and 
B-707s  in  the  Large  category  would  result  in  a  capacity  increase 
of  about  5  to  o  percent  at  the  major  airports.  It  is  worth  noting 
that  such  a  classification  was  used  in  the  United  Kingdom  (UK); 
the  UK  used  575,000  lb  (170,000  kg)  as  the  weight  for  separating 
between  Large  (the  UK  call  this  group  Medium)  and  Heavy  up  to 
August  1978  when  the  Ninth  Air  Navigation  Commission  Meeting  of 
the  International  Civil  Aviation  Organization  (ICAO)  formalized 
500,000  lb  (136,000  kg)  as  the  weight  dividing  Large  and  Heavy. 

Between  July  1976  and  September  1977  TSC  collected  data  at 
Chicago's  O'Hare  airport  on  the  decay  of  wake  vortex  strength. 

The  Monostatic  Acoustic  Vortex  Sensing  System  (MAVSS) ,  the  remote 
sensing  technique  employed,  makes  use  of  sound  energy  scattered 
from  temperature  fluctuations  to  measure  the  velocity  profile  of 
a  vortex.  Volume  I  of  this  report  described  the  hardware  and  data 
processing  involved  in  these  measurements.  The  data  reported 
herein  were  collected  during  normal  airport  landing  operations. 
Volume  III  of  this  report  will  present  the  data  for  all  the  common 
jet  transport  aircraft  and  will  describe  in  depth  the  analysis 
techniques  developed  to  study  the  data. 
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Section  2  outlines  the  data  collection  procedures  and  des¬ 
cribes  the  methods  used  to  identify  the  aircraft  types  and  models 
and  to  obtain  the  landing  weights  of  the  B-707s  and  I)C-8s.  Sec¬ 
tion  3  examines  the  theory  of  vortex  strength  and  decay  to  identify 
the  relevant  aircraft  parameters.  Section  4  contains  the  data 
analysis.  The  correlation  of  vortex  strength  with  aircraft  weight 
is  examined  statistically.  A  primary  issue  addressed  is  whether 
there  are  any  differences  between  the  vortices  generated  by  the 
landing  Large  and  Heavy  versions  of  the  B-707  or  DC-8.  The 
issues  in  the  wake  vortex  categorization  of  aircraft  are  studied 
in  Section  5.  In  Section  6  the  observations  by  the  British 
through  their  incident  reporting  system  are  discussed;  prior  to 
August  1978,  they  classified  all  models  of  the  B-707  and  DC-8  in¬ 
to  the  Large  category. 

It  is  envisioned  that  eventually  aircraft  categories  will 
be  set  based  on  an  understanding  of  what  aircraft  parameters  in 
addition  to  weight  should  be  included.  Wingspan  must  certainly 
play  a  role,  and  engine  placement  is  also  likely  to  be  important. 

If  vortex  decay  can  be  characterized  by  a  few  aircraft  parameters, 
then  one  can  hope  to  have  a  more  rational  system  of  dealing  with 
the  wake  vortex  hazard.  Volume  III  of  this  report  will  address 
the  merits  of  such  a  revision  of  the  wake  vortex  separation  cate¬ 
gories. 

1 . 2  SUMMARY 

The  results  of  this  study  indicate  little  possibility  of  an 
adverse  effect  on  safety  from  classifying  all  landing  B-707  and 
DC-8  aircraft  as  Large.  First,  prior  to  the  introduction  of  the 
widebody  jets  in  1970,  the  standard  separation  was  3  nautical  miles 
and  no  problems  were  experienced  even  with  millions  of  B-707  and 
DC-8  landings  (including  B-707/DC-8  aircraft  that  are  now  desig¬ 
nated  as  Heavy).  Second,  the  B-707/DC-8  aircraft  classified  as 
Heavy  show  wake  vortex  hazards  similar  to  those  from  the  DC- 8 
aircraft  classified  as  Large.  The  data  indicate  similar  vortex 
hazards  for  jet  transport  aircraft  following  Large  B-707s,  but 
lower  vortex  hazards  for  General  Aviation  aircraft  following  Large 


B-707s.  The  net  safety  impact  of  reclassifying  the  B-70711  and 
DC-8H  aircraft  as  Large  is  to  increase  the  frequency  of  exposure 
of  following  aircraft  to  the  most  persistent  vortices  currently- 
generated  by  Large  aircraft  (i.e.,  DC-8  vortices). 

Third,  the  analysis  of  the  weight  dependence  of  the  vortex 
hazard  indicated  that  the  heaviest  B-707/DC-8  aircraft  would  have 
a  vortex  hazard  midway  between  the  average  hazard  of  the  Large 
DC-8  and  that  of  the  B - 7 47/L- 1 01 1 .  This  effect  of  actual  aircraft 
weight  is  not  large  enough  compared  to  the  other  variables  affect¬ 
ing  the  vortex  hazard  to  warrant  the  complexity  of  using  actual 
aircraft  landing  weights  to  determine  aircraft  category.  This 
conclusion  could  be  invalid  if  the  landing  weights  at  O'Hare  were 
abnormally  low;  however,  the  data  in  Appendix  A  show  that  the 
O'Hare  DC-811  weights  are  typical  of  other  airports.  Fourth,  the 
UK  incident  reporting  system  statistics  show  that  the  incident 
rate  behind  Heavy  B-707/DC-8  aircraft  at  Large  separations  is 
reasonable,  and  is  in  fact  similar  to  the  incident  rate  behind 
widebody  aircraft  at  Heavy  separations  leading  to  a  well  balanced 
system. 

The  results  of  this  study  could  contribute  to  a  decision  to 
change  the  wake  vortex  separation  standards  behind  landing  B-70711 
and  DC-811  aircraft  to  achieve  reduced  wake  vortex  delays.  It 
should  be  noted  that,  this  study  only  addressed  the  B-707H  and 
DC-8H  aircraft;  raising  the  dividing  line  between  Large  and  Heavy 
to,  say,  375,000  lb  maximum  certificated  gross  takeoff  weight 
would  have  the  virtue  of  being  consistent  with  the  former  UK 
categories,  which  are  supported  by  their  incident  reporting  system, 
but  would  deal  with  the  A-300  and  IL-62  (as  well  as  the  A-310  and 
B-767)  with  some  uncertainty  since  no  experimental  vortex  strength 
data  are  available  on  these  aircraft. 
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2.  DATA  COLLECTION  AND  PROCESSING 


The  details  of  the  Monostatic  Acoustic  Vortex  Sensing  System 
(MAVSS)  data  collection  are  discussed  in  Volume  I  (Ref.  3)  of 
this  report.  The  procedures  used  will  be  outlined  here.  A 
detailed  discussion  will  be  presented  on  the  methods  for  obtaining 
and  verifying  the  aircraft  weights  and  the  category  (Heavy  or  Large) 
of  the  landing  B-707s  and  DC- 8s. 

2.1  MAVSS  DATA  COLLECTION  AND  PROCESSING 

Each  MAVSS  antenna  measures  the  vertical  profile  of  the 
vertical  component  of  the  wind  above  the  antenna.  As  a  vortex 
drifts  past  an  antenna,  the  vertical  velocity  profile  of  the 
vortex  is  measured.  This  measurement  is  particularly  appropriate 
for  aircraft  wake  vortices  since  the  ambient  wind  has  virtually  no 
vertical  velocity  component.  The  vertical  velocity  signature  of 
a  vortex  is  thus  easily  and  accurately  measured  as  the  vortex 
drifts  over  a  MAVSS  antenna.  The  decay  of  a  vortex  can  be  mon¬ 
itored  as  it  passes  successively  over  several  antennas  located  on 
a  baseline  oriented  perpendicular  to  the  aircraft  flight  path. 

Vortex  arrivals  are  detected  by  means  of  their  characteristic 
signatures,  including  a  rapid  reversal  of  velocity  as  the  vortex 
core  passes  over  the  antenna. 

The  MAVSS  baselines  were  located  610  m  (2000  ft)  from  the 
runway  threshold  for  runway  32L  and  472  m  (1550  ft)  from  the 
runway  threshold  for  runway  14R.  The  extent  of  the  baselines 
made  use  of  the  available  real  estate.  Only  two  antennas  were 
located  on  the  starboard  side  (looking  toward  the  threshold)  of 
the  runway  at  61-m  (200-ft)  and  122-m  (400-ft)  displacements  from 
the  extended  runway  centerline.  On  the  port  side,  four  (14R)  and 
five  (32L)  antennas  were  installed  at  61-m  (200-ft)  spacings.  The 
final  edited  data  base  contains  MAVSS  data  for  773  B-707s,  103 
B-707HS,  305  DC-8s,  and  183  DC-8Hs. 
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Figure  1  shows  computer- identified  detections  (the  vertical 
lines)  of  DC-8H  vortices  in  three  of  the  five  antennas  on  one  side 
of  the  extended  runway  centerline  (speaker  5  is  closest  to  the 
extended  certerlme,  speaker  4  is  next,  etc.).  The  horizontal 
axes  for  each  speaker  represent  different  heights  or  range  gates 
above  the  MAVSS  antenna.  The  first  vortex  detected  (termed  vortex 
1)  is  on  the  downwind  side  of  the  flight  path  and  is  detected  by 
three  antennas  (speakers  5,  4,  and  3,  respectively).  The  second 
vortex  detected  (termed  vortex  2)  is  from  the  upwind  side  of  the 
flight  path  and  is  detected  by  only  two  antennas  (speakers  5  and 
4,  respectively) . 

Figure  2  shows  the  tangential  or  vertical  velocity  profiles 
for  each  detected  DC-8H  vortex  in  Figure  1.  The  vortex  is  seen 
to  weaken  as  it  passes  successively  over  the  antennas.  Figure 
3a  shows  the  arrival  times  of  the  vortices  at  the  antenna  positions. 

The  velocity  profiles  (v(r'),  where  r'  is  the  vortex  radius) 
are  used  to  determine  the  average  vortex  strength  P  according  to 
the  equation: 

1  r 

r  (r)  =  £  f  2iTr '  v  (r ' )  dr'  ,  (1) 

where  r  is  the  averaging  radius.  The  average  strength  is  a  useful 
measurement  since  it  can  be  related  to  the  vortex- induced  rolling 
moment  on  a  wing  of  span  2r.  The  velocity  profiles  in  Figure  2 
were  used  to  generate  the  vortex  strength  points  plotted  in  Figure 
3b  for  an  averaging  radius  of  5  meters.  Each  valid  vortex 
detection  leads  to  a  value  of  strength.  The  average  circulation 
P (r)  was  calculated  for  four  averaging  radii:  5,  10,  20,  and  30 
meters.  Later,  average  circulations  for  15  meters  were  obtained 
by  interpolation. 

Some  of  the  data  analysis  techniques  used  in  this  report 
require  more  information  than  is  contained  in  Figure  3b.  An 
interpolation  and  extrapolation  procedure  was  developed  to  give 
the  vortex  strength  history,  i.e.,  the  vortex  strength  at  any 
particular  time.  The  most  difficult  part  of  determining  the 


SPKR  #5  SPKR  #4  SPKR  #3  SPKR  #2  SPKR  #1 


(Ui)  NOUISOd  IVdHlVl  (s/  Ui)  Os)  ,  j  (s/zui)OS), 


vortex  strength  history  is  the  problem  of  dealing  with  the  demise 

of  a  vortex.  The  MAVSS  cannot  detect  vortices  when  their  strength 

falls  below  the  MAVSS  detection  threshold,  which  is  approximately 
2 

30,  40,  and  55  m  /s  for  averaging  radii  of  5,  10,  and  20  meters, 
respectively.  Figure  3c  shows  the  vortex  strength  histories 
obtained  by  means  of  the  following  assumptions: 

1)  The  vortex  strength  is  constant  until  it  is  first 
detected  and  has  the  strength  value  determined  from  the 
first  detection. 

2)  The  vortex  strength  is  obtained  by  interpolation  between 
successive  vortex  detections. 

3)  The  vortex  strength  is  assumed  to  be  zero  if  it  cannot 

be  detected  at  the  next  antenna  after  the  last  detection. 
The  vortex  strength  is  then  extrapolated  to  zero  at  the 
time  it  would  be  expected  to  reach  the  next  antenna, 
moving  at  constant  velocity  (see  the  extrapolated  lines 
in  Figure  3a).  This  extrapolation  is  excluded  if  the 
last  detection  is  in  the  last  antenna  of  the  array  (e.g., 
antenna  1  for  the  case  in  Figure  3a)  or  if  the  expected 
arrival  time  is  too  close  to  the  next  aircraft  landing 
(not  a  problem  here  according  to  Figure  1).  These 
restrictions  were  implemented  to  avoid  introducing  syste¬ 
matic  biases  into  the  data.  Nevertheless,  it  is  difficult 
to  assess  the  errors  generated  by  extrapolating  the  data 
to  zero  strength.  For  example,  the  residue  of  vortex  1 
can  be  seen  in  speaker  2  of  Figure  1,  even  though  the 
extrapolation  procedure  assumes  zero  strength  there. 

Only  vortices  detected  in  at  least  two  antennas  are  included  in 
later  analyses. 

The  vortex  data  were  edited  to  remove  spurious  vortex  detec¬ 
tions  and  strength  measurements  corrupted  by  noise,  and  were  then 
entered  into  a  data  base.  Anomalous  data  which  passed  through  the 
first  editing  process  were  subsequently  eliminated  from  the  data 
base.  The  MAVSS  data  base  consists  of  a  number  of  strength 
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measurements  made  on  each  vortex  generated  by  a  landing  aircraft. 

The  landing  time,  aircraft  type,  weight  (if  known),  and  weather 
conditions  are  also  recorded  for  each  landing. 

2.2  AIRCRAFT  WEIGHTS 

Both  the  B-707  and  the  DC-8  consist  of  a  number  of  models. 

Table  1  presents  the  pertinent  physical  characteristics  (Refs.  4 
to  6)  for  the  models  of  interest  here.  FAA  Type  Certification  for 
the  first  B-707  (Series  120)  was  approved  in  September  19S8  and 
the  last  model  (Series  320C)  in  April  1963  (Ref.  5).  FAA  Type 
Certification  for  the  first  DC-8  (Series  10)  was  approved  in 
August  1959  and  the  last  model  (Series  63)  in  June  1967  (Ref.  5). 

Identification  of  the  aircraft  type  was  the  responsibility 
of  the  vortex  test  site  operators.  The  primary  means  of  identifica¬ 
tion  was  the  airline  operating  the  aircraft.  At  Chicago  O'Hare, 
knowing  the  airline  uniquely  identified  whether  an  aircraft  was  a 
DC-8  or  a  B-707.  The  landing  weights  were  obtained  by  telephoning 
representatives  of  United,  TWA,  or  American  Airlines  shortly  after 
the  respective  aircraft  landed.  United  operates  DC-8s,  and  TWA 
and  American  Airlines  operate  B-707s.  According  to  Reference  5, 
United  owns  DC-8  Series  10,  20,  50,  61  and  62;  TWA  owns  B-707 
Series  120,  120B,  320,  320B,  and  320C;  and  American  owns  B-707 
Series  120B,  320B,  and  320C. 

At  the  beginning  of  the  data  collection,  an  aircraft  was 
determined  to  be  Heavy  whenever  the  test  site  operator  heard  a 
pilot  or  controller  announce  an  aircraft  to  be  a  Heavy  (e.g., 

"United  773  Heavy  by  the  outer  marker..."  or  "American  321  Heavy 
cleared  to  land...").  However,  a  number  of  Heavy/Large  incon¬ 
sistencies  were  noted.  Subsequently,  the  site  operators  requested 
both  the  landing  weights  and  the  aircraft  series  or  class  from 
the  respective  airline.  Many  of  the  previous  inconsistencies 
were  corrected  by  comparing  the  Heavy  or  Large  designation  for  the 
same  flight  number  over  a  period  of  several  days.  Some  inconsis¬ 
tencies  remained,  however,  and  these  will  be  discussed  later. 
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TABLE  1.  CHARACTERISTICS  OF  B-707  AND  DC-8  MODELS 


Model 

Winqspan 

(ft) 

Maximum  Takeoff 
Weight  (lb) 

Maximum  Landing 
Weight  (lb) 

B-707- 1 20 

130.9 

258,000 

185,000 

B-707-1 20B 

130.9 

258,000 

1 90 ,000 

B-707-220 

130.9 

247,000 

185,000 

B-070-320 

142.4 

316,000 

207,000 

B-707-320B 

145.8 

336,000 

247 ,000 

B-707- 320C 

145.8 

336,000 

247,000 

B-707-420 

142.4 

316,000 

207  ,000 

DC-8-10 

142.3 

273,000 

193,000 

DC-8-20 

142.3 

276,000 

199,500 

DC-8-30 

142.3 

315,000 

207  ,000 

DC-8-40 

142.3 

315,000 

207,000 

DC-8-50 

142.3 

325 ,000 

207 ,000 

DC-8-61 

142.3 

325 ,000 

240,000 

DC-8-62 

148.4 

335,000 

240,000 

DC-8-63 

148.4 

350 ,000 

245,000 

Table  2  shows  the  landing  weight  data  obtained  at  O’Hare. 
Figures  4  and  5  are  histograms  of  the  weight  data.  The  arrows 
indicate  the  maximum  landing  weights  (Refs.  4  to  6).  No  aircraft 
designated  Heavy  had  a  landing  weight  in  excess  of  the  published 
maximum  landing  weight.  The  Large  B-707  and  DC-8  weights  did 
indicate  a  number  of  cases  where  the  landing  weights  were  more 
than  the  published  maximum  landing  weights.  Either  the  published 
values  are  too  low  (supplementary  certificates  may  have  permitted 
raising  the  maximum  landing  weight)  or  some  of  the  Heavy  aircraft 
were  designated  as  Large.  The  effect  of  this  inconsistency  is 
examined  in  Section  4  by  means  of  the  following  reassignments: 

1)  All  B-707s  with  landing  weights  greater  than  190,000  lb 
are  declared  Heavies. 

2)  All  DC-8s  with  landing  weights  greater  than  200,000  lb 
are  declared  Heavies. 

This  reassignment  was  found  to  have  minimal  influence  on  the 
results  of  this  study. 

To  demonstrate  the  representativeness  of  the  weights  of  the 
aircraft  landing  at  O’Hare,  the  weight  data  for  Heavy  DC-8s  land¬ 
ing  at  other  airports  were  obtained  and  are  presented  in  Appendix 
A.  For  these  52  landing  DC-8Hs,  the  maximum  weight  recorded  was 
233,000  lb  and  the  minimum  weight  was  178,100  lb;  the  mean  weight 
was  205,900  lb  with  a  standard  deviation  of  11,500  lb.  These 
values  are  consistent  with  those  reported  at  O'Hare  (Table  2). 
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TABLE  2.  LANDING  WEIGHTS 


Aircraft 

Type 

No.  of 
Cases 

Maximum 

Wei ght 
(lb) 

Mi nimum 
Wei ght 
Ob) 

Mean 

Wei ght 
Ob) 

(lb) 

B-707 

668 

208000 

151000 

171000 

10000 

B-707H 

106 

246000 

154000 

1 93000 

18000 

DC-8 

307 

229000 

151000 

183000 

15000 

DC-8H 

247 

240000 

160000 

202000 

15000 

2- 


3.  THEORY  OF  VORTEX  STRENGTH 


Aerodynamic  theory  has  produced  a  simple  understanding  of  the 
initial  total  circulation  or  strength  of  a  wake  vortex.  Unfor¬ 
tunately,  no  such  understanding  is  available  for  vortex  decay. 

This  section  examines  the  implications  of  available  theory  for  the 
correlation  of  vortex  strength  and  decay  with  aircraft  parameters. 

3.1  INITIAL  VORTIiX  STRENGTH 

The  classical  expression  for  the  dependence  of  total  wake 
vortex  strength  upon  aircraft  parameters  (Ref.  7)  is: 

=  civ/pbv  C) 

where  W  is  the  aircraft  weight,  b  is  the  wingspan,  V  is  the  air¬ 
speed,  p  is  the  air  density,  and  C  is  a  constant  depending  upon  the 
wing  loading  distribution  (C  =  4/tt  for  elliptic  loading).  The 
total  strength  1'^  increases  with  aircraft  weight  and  decreases  with 
airspeed  and  wingspan.  The  Heavy  aircraft  tend  to  have  larger 
wingspans  as  well  as  weights.  Thus,  some  of  the  effect  of  heavier 
weight  is  cancelled  by  the  larger  wingspans. 

Since  aircraft  weight  data  were  collected  but  not  data  on  air¬ 
speed  or  air  density,  it  will  be  of  particular  interest  to  examine 
how  the  vortex  strength  might  depend  upon  aircraft  weight  under 
the  assumption  of  fixed  wingspan  and  fixed  air  density.  If  the 
wing  loading  distribution  is  also  fixed  (i.e.,  the  same  flap  setting), 
a  pilot  can  respond  to  changes  in  weight  in  two  ways.  The  first 
is  to  keep  the  same  airspeed  V  and  change  the  aircraft  pitch  angle 
so  as  to  change  the  coefficient  of  lift.  This  procedure  yields 
an  initial  vortex  strength  that  is  proportional  to  the  weight.  The 
second  possible  response  is  to  keep  the  pitch  attitude  fixed  and 
vary  the  airspeed  to  accommodate  the  weight  change.  (This  method 
is  normally  used.)  Since  the  lift  is  proportional  to  the  square 
of  the  airspeed,  the  latter  procedure  yields  a  strength  that  is 
proportional  to  the  square  root  of  the  weight.  liquation  (2)  also 
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predicts  that  the  ratio  of  vortex  strength  to  aircraft  weight  will 
be  inversely  proportional  to  the  wingspan  assuming  a  similar  lift 
distribution  and  the  same  airspeed.  These  predictions  will  be 
compared  to  the  observed  weight  dependence  of  vortex  strength  in 
Sect  ion  4.2. 

The  use  of  hquation  (1)  to  describe  the  average  vortex  strength 
1”  (r)  is  strictly  valid  only  in  the  limit  as  the  averaging  radius 
r  approaches  infinity.  However,  if  the  velocity  profiles  are 
similar,  as  one  would  expect  for  similar  lift  distributions,  the 
value  of  r'(r)  will  be  proportional  to  for  all  values  of  r. 

3.2  VORTEX  DECAY 

Persistence  of  the  wake  vortex  hazard  depends  upon  aircraft 
parameters  (wingspan,  weight,  configuration,  engine  location,  etc.) 
meteorological  parameters  (wind  velocity,  wind  shear,  turbulence, 
atmospheric  stability,  pressure,  etc.),  and  decay  processes  (vortex 
linking,  bursting,  and  turbulent  diffusion).  Since  the  decay 
processes  occur  at  random  even  when  all  the  parameters  are  fixed, 
the  persistence  of  a  vortex  can  be  defined  only  through  a  probability. 

The  current  designation  of  wake  vortex  separation  categories 
assigns  the  wake  vortex  hazard  to  a  single  aircraft  parameter,  the 
maximum  certificated  gross  takeoff  weight.  Of  necessity,  this 
simplified  procedure  gives  only  a  rough  indication  of  the  wake 
vortex  hazard.  The  actual  hazard  persistence  for  a  specified 
aircraft  has  a  wide  spread  because  of  variation  in  the  actual  weight 
(as  well  as  in  the  other  aircraft  parameters) ,  varation  in  the 
meteorological  conditions,  and  the  stochastic  nature  of  vortex 
decay.  Because  of  this  spread,  the  change  in  the  vortex  hazard 
probability  will  be  relatively  small  for  small  percentage  changes 
in  the  maximum  certificated  gross  takeoff  weight  (e.g.,  an  increase 
from  300,000  lb  to  375,000  lb  or  a  25  percent  change). 

A  theory  of  wake  vortex  decay  must  depend  both  upon  the 
properties  of  the  vortex  wake  and  upon  the  properties  of  the 
atmosphere.  Although  some  progress  has  been  made  in  understanding 


the  characteristics  of  two  decay  mechanisms,  linking  (Ref.  8)  and 
bursting  (Ref.  9),  no  simple  functional  dependence,  such  as 
Equation  (2),  has  been  found  to  describe  the  dependence  of  vortex 
decay  upon  aircraft  parameters.  In  the  next  section  the  following 
statement  concerning  vortex  decay  from  a  particular  aircraft  type 
will  be  proffered,  namely  that  the  vortex  strength  F(t)  at  a  time 
t  is  simply  a  fraction  F(t)  of  the  initial  vortex  strength, 
r ( t= o j  =  r (0) : 

i  (t)  =  f ( t )  r(0)  .  (3) 

Therefore,  the  distribution  of  vortex  strengths  for  all  times  is 
similar  to  the  initial  distribution  of  strengths. 
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4.  DATA  ANALYSIS  AND  DISCUSSION 


Two  methods  of  analyzing  the  MAY'S S  strength  data  will  he 
presented  herein;  additional  methods  will  be  described  in  Volume 
111.  The  first  and  simpler  analysis  uses  the  measurements  on  only 
detected  vortices  with  no  extrapolation  or  interpolation  (as  in 
figure  3b).  liach  detection  is  treated  as  a  separate  data  point. 

This  method  of  analysis  is  useful  only  for  vortex  ages  or  times 
less  than  40  or  SO  seconds;  after  40  or  SO  seconds  many  vortices 
have  decayed  below  the  MAYSS  detection  threshold.  The  second 
method  is  for  later  times  and  makes  use  of  interpolated  and  extra¬ 
polated  vortex  histories  (as  in  Figure  3c).  These  histories  arc 
used  to  determine  the  probability  for  the  vortex  strength  to  remain 
above  a  selected  strength  value  at  a  particular  vortex  age. 

4.1  STATISTICAL  ANALYSIS 

Section  4.1  examines  the  applicability  of  liquation  (2),  the 
classical  expression  for  the  dependence  of  wake  strength  on  air¬ 
craft  parameters.  The  dependence  on  vortex  age  and  aircraft  type 
(Section  4.1.1),  on  average  aircraft  weight  (Section  4.1.2),  and 
on  weight  (Section  4.1.3)  is  calculated  from  the.  MAYSS  data. 

4.1.1  Dependence  of  Vortex  Strength  on  Vortex  Age  and  Aircraft  Type 

The  analysis  herein  makes  use  of  all  vortex  measurements  for 
a  particular  aircraft  class.  For  example.  Figure  h  shows  the  5-m 
average  strength  measurements  for  B-7071!  aircraft.  Statistical 
analysis  is  applied  to  all  detections  in  a  10-  or  20-second  time 
interval.  There  may  be  some  redundancy  in  the  data  since  the 
same  vortex  could  be  detected  at  more  than  one  antenna  within  the  10- 
or  20-second  time  interval.  This  redundancy,  however,  has  no  effect 
on  the  statistics  since  the  large  strength  variation  shown  in 
Figure  6  is  caused  by  variations  in  decay  and  measurement  errors, 
not  by  the  variation  of  aircraft  parameters. 
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FIGURE  6.  STRENGTH  MEASUREMENTS  (5-m  AVERAGING  RADIUS)  OF  B-707H  VORTICES 


The  number  of  vortex  detections  per  unit  time  decreases  for 
long  times  because  of  two  effects:  (1)  Vortex  decay  brings  the 
vortex  strength  below  the  MAVSS  detection  threshold.  (2)  Because 
there  are  only  two  antennas  on  one  side  of  the  extended  runway 
centerline  (four  or  five  on  the  other),  many  vortices  are  lost  after 
two  detections  even  though  the  vortices  may  not  have  decayed.  The 
second  effect  can  be  seen  in  Figure  6  where  relatively  few  solid 
points  (only  2  antennas  available)  are  seen  after  40  seconds. 

Figure  7  shows  the  number  of  strength  measurements  per  second  versus 
vortex  age  in  Figure  6.  Since  few  vortices  were  lost  off  the  end 
of  the  five-antenna  line,  the  open  symbol  points  reflect  the  effect 
of  vortex  decay. 

Because  the  statistical  fluctuations  in  Figure  7  tend  to 
obscure  the  trends  in  the  data,  Figure  8  is  included  to  show  the 
total  number  of  measurements  per  second  for  the  B-707  (which  had 
the  most  data).  The  reduction  in  the  number  of  measurements  for 
older  vortices  is  similar  for  the  other  aircraft  types.  The 
number  of  measurements  for  the  B-707H,  DC-8,  and  DC-8H  is  15,  40, 
and  40  percent,  respectively,  of  that  for  the  B-707. 

The  two  loss  mechanisms  described  above  have  different  effects 
on  vortex  strength  statistics.  The  effect  of  a  short  baseline 
(the  loss  of  vortices  off  the  end  of  the  two-antenna  array,  effect 
2)  introduces  little  bias  to  the  data,  but  simply  reduces  the 
number  of  data  points.  The  effect  of  a  detection  threshold  (i.e., 
eliminating  the  vortices  below  the  detection  threshold)  introduces 
significant  biases  into  the  vortex  strength  distribution  when  a 
large  fraction  of  the  vortices  are  undetected.  Figure  8  shows  that 
half  the  vortices  are  lost  after  45  seconds.  Since  many  of  these 
are  lost  due  to  the  short  baseline  (effect  2),  the  data  before  45 
seconds  can  be  considered  to  be  relatively  unbiased. 

Figure  9  shows  the  decay  of  mean  vortex  strength  with  time  for 
the  four  aircraft.  The  error  bars  indicate  the  rms  deviation  in 
strength.  These  plots  represent  a  statistical  analysis  of  the 
scatter  plots  (e.g.,  Figure  6)  for  each  aircraft  type  and  averag¬ 
ing  radius.  The  same  20-second  time  intervals  were  used  for  all 
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MEASUREMENTS  PEP  SECOND 


VORTEX  AGE  (s) 


FIGURE  7. 


NUMBER  OF  MEASUREMENTS  PER  SECOND  VERSUS  VORTEX  AGE  IN 
FIGURE  6.  (Each  point  represents  a  20-second  interval.) 


10  Second  Interval 


FIGURE  8.  TOTAL  NUMBER  OF  VORTEX  MEASUREMENTS  PER  SECOND  OF  VORTEX  AGE  CB - 707  , 
5-m,  20-second  intervals) 


aircraft  types;  the  plotted  points  are  displaced  laterally  to  avoid 
overlap.  One  should  note  that  adjacent  points  at  10-second  spacing 
are  not  statistically  independent.  When  most  of  the  vortices  have 
decayed  to  below  the  detection  threshold,  one  would  expect  the 
remaining  vortices  to  exhibit  a  mean  vortex  strength  about  one 
rms  deviation  above  the  threshold.  The  data  in  fact  show  this 
effect.  For  times  greater  than  SO  seconds,  the  lower  bound  of  the 
error  bars  lies  at  the  detection  threshold. 

The  data  in  Figure  9  show  similar  decay  for  all  three  averag¬ 
ing  radii.  The  four  aircraft  generally  have  similar  mean  strength 
values.  At  intermediate  times,  the  B-707H  shows  somewhat  higher 
strength  values,  particularly  for  the  smaller  averaging  radii. 


Initial  Vortex  Strenc 


The  simplest  approach  toward  verifying  the  applicability  of 
Equation  (2)  is  to  make  use  of  the  average  initial  strength  r  and 
average  weight  W  for  each  aircraft  type.  (The  overbar  indicates 
average  value.)  Table  3  presents  the  results  on  the  ratio  of 
initial  vortex  strength  to  weight  (T/W)  for  different  averaging 
radii.  The  errors  are  standard  errors.  Detections  between  10  and 
20  seconds  are  included  to  estimate  the  initial  vortex  strength; 
before  10  seconds  the  vortex  cannot  be  considered  to  be  rolled  up, 
and  the  20-second  upper  limit  minimizes  the  effects  of  vortex 
decay.  The  values  for  averaging  from  zero  radius  to  two  non-zero 
radii  can  be  combined  to  give  a  circulation  average  between  the 
two  non-zero  radii.  The  values  for  5  to  10  m  radius  and  10  to  20  m 
radius  are  computed  to  show  the  dependence  of  strength  upon  radius. 
The  10  to  20  m  value  should  be  outside  the  vortex  core  and  therefore 
give  the  most  reasonable  estimate  of  total  strength  F^.  The  cal¬ 
culation  of  the  ratio  7/W  from  Equation  (2)  requires  an  estimate 
of  the  average  wingspan  for  the  aircraft  type  as  well  as  the  air¬ 
speed  and  air  density.  The  average  wingspans  in  Table  3  were 
estimated  from  the  models  in  Table  1.  The  measured  ratios  are 
somewhat  less  than  the  elliptical  loading  estimates.  The  measured 
values  of  T/ W  for  10  to  20  m  show  the  expected  lower  values  for  the 
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TABLE  3.  RATIO  OF  AVERAGE  INITIAL  VORTEX  STRENGTH  TO  AVERAGE  AIRCRAFT  WEIGHT  FOR  VORTEX 
AGES  OF  10  TO  20  SECONDS 
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Heavy  models  which  have  larger  wingspans. 


4.1.3  Correlation  of  Vortex  Strength  with  Aircraft  Weight 

The  large  scatter  observed  in  the  measured  strength  data  of 
Figure  6  is  caused  by  a  number  of  effects.  Correlating  the 
strength  data  with  the  known  aircraft  weights  (Figure  9  and  Table 
3)  shows  that  the  weight  dependence  of  the  strength  accounts  for 
less  than  10  percent  of  the  variance  in  the  data.  The  rest  is 
due  to  measurement  error,  vortex  decay,  and  the  other  parameters  of 
airspeed  and  air  density.  Measurement  errors  dominate  the  scatter 
at  early  times  while  variations  in  decay  dominate  at  later  times. 

One  way  of  looking  at  the  correlation  analysis  is  to  view  it 
as  a  linear  least  -  squares  fit  to  the  strength  versus  weight  data  for 
each  aircraft  type.  The  fit  has  the  form: 

r  =  T  +  a (W-W) ,  (4) 

where  F  is  the  vortex  strength,  W  is  the  aircraft  weight,  and  a  is 
the  slope  of  the  F  versus  W  curve  at  the  point  W  =  W.  In  view  of 
the  discussion  of  Section  3.1,  assume  a  power  law  relationship 

r  ^  wn  (5) 

between  vortex  strength  and  aircraft  weight.  Differentiating 
Equation  (5)  with  respect  to  W  yields  the  slope  of  relationship  (4): 

a  =  nWn  ^  =  nT/W.  (6) 

Rearranging  Equation  (6)  yields  the  value  of  the  power  n: 

n  =  a/  (T/W)  (7) 

which  is  the  ratio  of  the  local  slope  to  the  average  slope. 

The  results  of  the  least-square  fit  to  strength  versus  weight 
are  shown  in  Figures  10  and  11.  Data  are  shown  for  both  10-  and 
20-second  intervals ,  the  latter  giving  smaller  errors.  For  each 
interval  the  points  for  5  and  20  m  are  displaced  laterally  to  avoid 
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overlap.  The  error  bars  are  standard  errors  as  discussed  in 
Appendix  B.  There  are  extra  points  in  Figures  10  and  11  which  are 
not  centered  in  the  error  bars.  They  are  the  results  of  reassigning 
the  aircraft  category  according  to  the  reported  landing  weight,  as 
was  discussed  at  the  end  of  Section  2.2.  The  plots  show  only 
those  points  where  the  reassignment  yielded  values  significantly 
different  from  the  original  ones. 

The  data  in  Figures  10  and  11  are  reasonably  consistent  with 
the  most  reasonable  value  of  n  which  is  n  =  0.5  according  to  the 
discussion  of  Section  3.1.  One  would  expect  that  32  percent  of  the 
measured  values  would  be  outside  the  standard  errors,  as  in  fact  is 
observed.  The  errors  in  n  increase  rapidly  with  vortex  age  because 
of  the  decrease  in  the  number  of  measurements  (see  Figures  7  and  8). 
The  reassignment  of  aircraft  categories  has  no  major  effect;  some 
data  points  move  closer  to  n  =  0.5  and  some  move  farther  away. 

The  data  in  Figures  10  and  11  show  no  significant  evidence  for 
variation  in  the  power  n  with  vortex  age.  Thus,  the  data  are  con¬ 
sistent  with  the  vortex  decay  hypothesis  of  Section  3.2,  namely 
that  the  strength  of  a  decaying  vortex  is  proportional  to  the  in¬ 
itial  vortex  strength  when  averaged  over  the  measurement  condi¬ 
tions.  Because  the  errors  in  Figures  10  and  11  increase  so  rapidly 
with  vortex  age,  it  is  not  possible  to  use  these  data  to  set 
meaningful  limits  on  the  maximum  variation  of  n  with  age. 

4.2  HAZARD  PROBABILITY  ANALYSIS 

This  section  makes  use  of  vortex  strength  histories  (Figure  3c, 

reproduced  in  Figure  12)  to  determine  when  the  vortex  strength 

drops  below  a  hazard  threshold.  For  example,  with  a  hazard  thres- 
2 

hold  of  30  m  /s,  Figure  12  shows  that  the  first  vortex  decays  below 

the  threshold  at  46.5  seconds  while  the  second  vortex  remains  a 

hazard  until  60.5  seconds  (indicated  by  the  arrows  in  the  figure). 

2 

If  the  hazard  threshold  were  100  m  /s,  then  vortex  1  would  never 
be  a  hazard  while  vortex  2  would  be  a  hazard  for  34  seconds.  The 
hazard  model  used  to  analyze  the  data  is  described  in  Section  4.2.1. 
Strength  history  data  from  many  cases  are  used  in  Section  4.2.2 
to  calculate  a  hazard  probability. 
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USE  OF  VORTEX  STRENGTH  HISTORTES  TO 
DETERMINE  VORTEX  HAZARD  DEFINITION 


4.2.1  Hazard  Model 


The  hazard  model  used  to  analyze  the  data  is  based  on  the 

capability  of  the  following  aircraft  to  overcome  the  roll  rate 

induced  by  a  vortex  (Ref.  10).  The  dynamics  of  a  wake  vortex 

encounter  are  not  considered.  A  vortex  is  defined  to  be  hazardous 

when  its  maximum  induced  roll  rate  P  is  greater  than  a  fraction  f 

v  b 

of  the  maximum  roll  control  P  of  the  vortex -encountering  aircraft: 

m  ° 

P  '■  f  P  .  (8) 

v  m 

The  maximum  vor tex - induced  roll  rate  will  occur  when  the  wing  of 
the  following  aircraft  is  centered  in  the  vortex. 

The  torque  T  exerted  on  a  wing  of  span  b  is  given  by  the 
strip-theory  expression 


b/2 

r  v(r)  K(r)  dr,  (9) 

b/2 

where  K(r)  is  the  ratio  of  the  induced  force  to  the  vertical  vortex 
velocity  at  a  point  r  on  the  wing.  With  the  assumption  that  K(r) 
is  constant  along  the  wing,  one  can  relate  the  torque  T  to  the 
average  circulation  r'(r)  of  equation  (1): 


T  =  Kb  T'  (b/2)  /  2tt. 


(10) 


The  torque  depends  only  on  P  and  not  upon  the  particular  velocity 
distribution  v(r).  The  errors  introduced  by  this  assumption  have 
not  been  examined;  for  similar  wing  planforms  and  similar  velocity 
profiles  the  error  is  probably  a  simple  correction  factor. 

The  vor tex- induced  rolling  rate  Pv  in  this  approximation  can 
be  obtained  by  selecting  a  velocity  profile  corresponding  to  solid 
body  rotation  at  the  rate  Py : 

v (r )  =  r  Pv.  (11) 

There  are  no  forces  on  a  wing  rotating  at  rate  Py  in  such  a  profile. 
The  value  of  P  (b/2)  for  this  velocity  profile  can  be  obtained 
from  equation  (1) : 
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r  Mb/2) 


(12) 


Now  relate  P  to  the  maximum  roll  control  P  of  the  aircraft,  which 
v  m  ’ 

is  often  expressed  in  the  nondimensional  form 

p  =  P  b/2V ,  (13) 

m 

where  V  is  the  flight  speed.  Equation  (8)  leads  to  the  following 
expression  for  the  hazard  threshold  on  vortex  strength  F': 

r'  (b/2)  >  J  fbVp.  (14) 

The  nondimensional  roll  rate  p  is  typically  0.06  for  commercial 
aircraft  and  0.08  for  general  aviation  aircraft.  The  hazard  thres¬ 
hold  value  used  to  analyze  the  data  is  given  by 

T' (b/2)  %  5b  (m2/s)  (15) 

in  metric  units.  This  expression  is  consistent  with  the  values 
f  =  1,  V  =  130  knots  (68  m/s),  and  p  =  0.07.  Thus,  the  hazard 
threshold  values  in  Table  4  will  be  used. 

4.2.2  Probability  Analysis 

Figure  12  showed  the  way  in  which  the  duration  of  the  hazard 
for  a  particular  vortex  is  determined.  If  the  results  for  many 
similar  vortices  are  combined,  the  probability  of  a  vortex  hazard 
can  be  derived.  The  probability  of  the  vortex  strength  being 
above  the  hazard  threshold  at  a  given  time  t  is  defined  as  the 
ratio  of  the  number  of  vortices  with  strength  above  the  threshold 
to  the  total  number  of  vortices  with  valid  strength  measurements 
at  that  time.  The  number  of  vortices  with  valid  measurements 
decreases  as  the  time  t  increases  because  of  the  restrictions  on 
extrapolating  beyond  the  last  vortex  detection  (Section  2.1). 

The  probabilities  were  calculated  for  six  hazard  threshold 
values  (30,  50,  75,  100,  150,  and  200  m2/s)  to  illustrate  the 
sensitivity  of  the  results  to  the  selected  hazard  thresholds  (see 
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TABLE  4.  VORTEX  STRENGTH  HAZARD  THRESHOLDS 


AIRCRAFT  TYPE 

SEMI SPAN 

STRENGTH  THRESHOLD 

SMALL  GA 

5  m 

50  m2/s 

LARGE  GA 

i 

10  m  ; 

1 

100  m2/s 

DC-9 

15  m 

150  m2/s 

B-707 

20  m 

200  m2/s 

Figure  12).  The  probabilities  decrease  as  the  threshold  increases, 
figures  13  and  14  show  these  probabilities  for  the  B-707  aircraft 
and  two  strength  averaging  radii:  5  and  20  in.  "All  cases"  are 
included;  that  is,  all  the  B-707  vortices  regardless  of  the  wind 
conditions  or  vortex  number  are  included  in  the  plots.  The  Heavy 
and  cargo  B-707s  are  segregated  into  separate  plots.  An  X  is 
plotted  for  each  evaluation  time  t  (10,  20,  30,  ete.  seconds)  at 
the  probability  corresponding  to  one  vortex  above  threshold.  The 
rise  of  the  X's  with  time  shows  how  many  vortices  are  lost  from 
the  statistics  because  of  extrapolation  restrictions.  If  the  proba¬ 
bility  drops  to  zero  at  a  particulai  time,  a  dashed  line  is  drawn 
to  the  value  for  one  case  (zero  cannot  he  plotted  on  a  logarithmic 
scale).  The  probabilities  are  plotted  against  the  square  of  the 

vortex  age  (t“)  since  this  dependence  on  time  corresponds  to  the 

•> 

tail  of  a  Gaussian  distribution  (exp  (-ext-))  of  vortex  decay  times; 
this  model  will  be  developed  in  Volume  III.  [Note:  It  is  indeed 
fortunate  that  the  hazard  probability  decays  so  quickly.  If  the 
probability  decayed  as  exp  (-t/x)  with  t  the  decay  time,  one  would 
have  to  wait  many  times  x  before  the  vortex  hazard  probability 
would  decay  to  a  satisfactory  value.] 

in  addition  to  the  probability  plots  for  all  cases,  various 
disaggregated  plots  were  generated  and  are  included  in  Appendix  C. 
The  strongest  observed  systematic  effect  was  that  rirst  vortices 
(vortex  1)  decay  more  rapidly  than  second  vortices  (vortex  2)  as 
shown  in  Figures  15  and  10).  The  difference  is  more  pronounced 
for  the  DC-8  than  for  the  B-707.  In  addition,  the  vortices  decay 
more  rapidly  in  higher  ambient  winds.  The  reasons  for  these 
effects  will  be  discussed  in  Volume  III. 

The  vortex  safety  implications  of  these  effects  are  signifi¬ 
cant.  The  second,  longer- last  ing  vortex  (.vortex  2)  is  the  one  which 
tends  to  linger  near  the  extended  runway  centerline.  Thus,  only 
measurements  on  second  vortices  are  directly  relevant  to  aircraft 
spacing  on  approach  for  single  runway  operations.  The  slower 
decay  for  lower  ambient  winds  indicates  that  the  relative  hazards 
from  different  aircraft  are  better  compared  at  low  wind  speeds, 
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FIGURE  13.  PROBABILITY  OF  DECAY,  B-707,  5-m  AVERAGEING  RADIUS 


r  K  U  □  H  D  1  L  1  I  Y 


(  T/100  )2  CSEC2  ] 


FIGURE  15.  COMPARISON  OF  VORTEX  DECAY  FOR  VORTEX  1  AND  VORTEX  2 
B- 707  AIRCRAFT,  10-m  AVERAGING  RADIUS 
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FIGURE  16.  COMPARISON  OF  VORTEX  DECAY  FOR  VORTEX  1  AND  2;  DC-8 
AIRCRAFT,  1 0-m  AVERAGING  RADIUS 
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if  enough  cases  are  included  to  allow  reasonable  statistical 
accuracy . 


4.2.3  Decay  Comparisons  Between  A i rcra f t  Ty pes 

Many  questions  concerning  the  accuracy  of  the  strength 
measurements  and  the  validity  of  the  strength  history  extrapola¬ 
tion  can  be  avoided  if  the  analysis  deals  only  with  comparisons 
between  different  types  of  aircraft.  1'ossibie  sources  of  error 
should  similarly  affect  the  results  for  all  aircraft  types  and 
therefore  should  introduce  no  relative  biases  into  the  analysis. 

The  decay  of  hazard  probability  is  compatcd  for  different 
aircraft  in  Figures  17  to  20  for  second  vortices  (vortex  2)  and 
with  ambient  winds  less  than  8  knots.  The  f  =  1.0  hazard  strengths 
defined  in  Section  4.2.1  r e  used.  Two  types  of  plots  are  included. 
The  first  compares  data  for  . 11  of  the  jet  transport  aircraft 
studied.  These  plots  allow  the  B-707/DC-S  data  to  be  studied  in 
the  context  of  the  current  fleet  of  aircraft.  For  convenience, 
the  shaded  portion  of  the  plot  indicates  the  extent  of  the  B-707/ 
DOS  data.  The  second  plot  includes  only  B-  707/DC-8  data  so  that 
detailed  comparisons  of  the  Large  and  Heavy  versions  can  be  made. 
Because  there  are  few  cases  with  winds  less  than  8  knots  for  many 
aircraft  types,  the  probability  curves  for  second  vortices  under 
all  wind  conditions  are  plotted  in  Figures  21  to  24.  Table  S  shows 
the  percentage  of  second  and  first  vortices  (at  long  times) 
measured  under  various  wind  conditions  for  the  different  aircraft. 
The  distributions  of  ambient  winds  arc  generally  similar  for  all 
aircraft,  so  that  one  can  rule  out  large  systematic  biases  in  the 
a  1 1 - w i nds  da ta . 

Some  guidelines  to  interpreting  Figures  17  to  24  should  prove 
useful.  As  in  Figures  13  to  lb,  the  last  point  plotted  for  each 
aircraft  corresponds  to  one  case  above  threshold.  The  total 
number  of  cases  at  that  time  is  simply  the  inverse  of  the  probabil¬ 
ity  at  that  point.  The  data  can  be  strongly  affected  by  statistical 
fluctuations  where  only  a  few  cases  are  involved.  Appendix  D  con¬ 
tains  an  error  analysis  for  these  data  which  was  used  to  compute 


DEPENDENCE  OF  VORTEX  DECAY  ON  AIRCRAFT  TYPE 
15  METERS,  150  m2/s,  VORTEX  2,  0-8  KNOTS 


[SEC] 


DEPENDENCE  ON  VORTEX  DE.CAY  ON  AIRCRAFT  TY1 
10  METERS,  100  m2/s,  VORTEX  2,  ALL  WINDS 


METERS,  150  mz/s,  VORTEX 


[SEC]  T  [SEC3 


DEPENDENCE  OF  VORTEX  DECAY  ON  AIRCRAFT  TYPE 
20  METERS,  200  m2/s,  VORTEX  2,  ALL  WINDS 


TABLE  5.  DISTRIBUTION  OF  AMBIENT  WINDS 


AIRCRAFT 

TYPE 

WIND  MAGNITUDE  CONDITIONS  (KNOTS) 

0-8 

>8 

0-5.5 

5. 5-8.0 

8-10 

VORTEX  2 

B-707 

30% 

69% 

11% 

18% 

26% 

B-727 

22 

77 

8 

14 

19 

B-737 

30 

69 

7 

22 

19 

B-747 

26 

73 

S 

18 

33 

DC-8 

27 

72 

7 

20 

28 

DC-9 

23 

76 

7 

16 

24 

DC-10 

32 

67 

12 

20 

24 

L-1011 

40 

60 

6 

34 

22 

B-707H 

22 

77 

9 

12 

25 

DC-8H 

22 

77 

13 

8 

34 

VORTEX  1 


B-707 

B-727 

B-737 

B-747 

DC-8 

DC-9 

DC- 10 

L-1011 

B-707H 

DC-8H 


70 

13 

77 

10 

77 

7 

59 

29 

68 

11 

75 

9 

61 

20 

65 

14 

61 

23 

54 

23 

20 

50 

16 

61 

21 

56 

19 

40 

21 

47 

19 

56 

19 

42 

23 

42 

19 

42 

20 

34 

Roundoff  errors  may  lead  to  total  percentage  not  summing  to  100  percent 


the  error  bars  added  to  some  of  the  figures.  The  error  bars 
correspond  to  one  standard  deviation. 

The  vortex  hazard  decay  data  in  figures  17  to  74  are  general  1 
consistent  with  the  expectation  that  larger,  heavier  aircraft 
produce  a  more  persistent  vortex  hazard.  The  widebody  aircraft 
(B-747,  L-1011,  and  DC-10)  show  the  most  persistent  vortex  harzard 
The  B-707/DC-8  classes  arc  next  in  persistence  and  form  the  middle 
of  the  plots.  1'he  B-727  has  the  next  lower  persistence,  followed 
finally  by  the  B-737  and  DC-9.  The  distinctions  between  the 
different  sized  aircraft  arc  greater  for  the  larger  averaging  rudi 
C 1 5  and  20  m) . 

4.2.4  Sensitivity  Analysis 

The  results  shown  in  Section  4.2.3  were  based  on  a  hazard 
model  with  f  =  1.0,  i.e.,  the  vortex  hazard  disappears  when  the 
vortex- induced  roll  rate  is  less  than  the  roll  control  of  the 
encountering  aircraft.  In  this  section  the  results  for  other  more 
conservative  values  of  f  are  compared  for  tiie  B-  707/DC- S  groups 
(figures  25  to  52).  (An  f  of  0.6,  for  example,  means  that  the 
vortex  hazard  disappears  when  the  vortex- induced  roll  rate  is  less 
than  60  percent  of  the  roll  control  of  the  vortex-encountering 
aircraft.)  Decreasing  the  value  of  f  increases  the  persistence 
of  the  vortex  hazard  but  generally  has  only  small  effects  on  the 
relative  hazard  for  different  aircraft  categories. 

The  plots  in  figures  55  to  56  show  the  sensitivity  of  the 
results  to  the  apparent  anomalies  in  aircraft  landing  weights 
discussed  in  Section  2.2.  The  plots  for  f  =  1.0,  vortex  2,  and 
all  winds  arc  compared  for  (a)  all  cases,  (b)  only  cases  with 
weight  data,  and  (c)  cases  with  weights  and  aircraft  category 
sorted  by  the  reassignment  procedure  of  Section  2.2.  Only  minor 
variations  in  hazard  decay  arc  introduced  by  these  changes  in  tiie 
data  analysis. 
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DEPENDENCE  01  VORTEX  DECAY  ON  FRACTION  OR  ROLL  CONTROL 
CAPABILITY  OF  AIRCRAFT;  5  METERS,  VORTEX  2,  ALL  WINDS 
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IGURE.34.  DEPENDENCE  OF  VORTEX  DECAY  ON  WEIGHT  SORT;  10  METERS 
100  m2/s,  VORTEX  2,  ALL  WINDS 


4.2.5  Decay  Comparisons  Between  Heavy  and  Large  Versions  of  the 
Same  Aircraft  Type 

This  section  examines  the  question  of  whether  there  are  any 
statistically  significant  differences  in  the  decay  of  the  wake 
vortex  hazard  between  Heavy  and  Large  B-7()7s  and  l)C-8s.  In  view 
of  the  small  difference  in  average  aircraft  weights  (about  10  per¬ 
cent)  between  the  Large  and  Heavy  classes,  one  would  not  expect 
to  see  much  difference  in  the  decay  of  the  wake  vortex  hazard.  in 
fact,  the  DC-8  data  in  Figures  17  to  36  show  no  significant 
difference  between  the  two  categories.  With  one  exception,  the 
vortices  from  the  Large  I)C- 8s  may  even  be  slightly  more  persistent 
than  the  vortices  from  Heavy  DC-8s.  The  exception  occurs  for  winds 
0  to  8  knots  for  20-m  averaging  radius,  f  =  1.0  (Figure  28). 

This  exception  occurs  when  the  strength  threshold  is  near  the 
average  initial  vortex  strength,  so  that  the  slightly  higher  initial 
strengths  of  the  Heavy  cases  lead  to  longer  persistence.  Since 
it  is  unconfirmed  at  lower  values  of  f  and  for  the  all-winds  data 
in  Figures  29  and  32,  this  exception  has  no  practical  significance. 

The  B-707  strength  decay  data  do  show  a  significantly  greater 
hazard  persistence  for  the  Heavy  category  in  one  situation.  The 
situation  has  possible  operational  significance.  The  vortex  hazard 
tends  to  be  more  persistent  for  Heavy  B-707  vortices  than  for 
Large  B-707  vortices  for  small  averaging  radii  (5  and  10  m)  and 
reduced  values  of  f.  The  standard  error  bars  do  not  overlap  for 
(1)  winds  0  to  8  knots  for  the  f  =  0.6,  5-m  data  (Figure  25)  and 
the  f  =  0.5,  10-m  data  (Figure  26);  and  (2)  all  winds  for  the 
f  =  0.5,  10-m  data  (Figure  30).  The  non  -  over  1 appi ng  of  the  error 
bars  implies  a  disagreement  greater  than  two  standard  errors, 
which  should  occur  statistically  in  4.4  percent  of  a  set  of 
identical  measurements.  Thus,  the  obseived  difference  could  be 
due  to  statistical  fluctuations.  A  smaller  one  standard  error 
disagreement  is  observed  for  the-  f  =  1.0,  5-m  data  in  Figures  25 
and  29.  However,  since  all  the  various  plots  use  at  least  some 
of  the  same  vortices,  they  arc  not  statistically  independent.  The 
data  in  Figures  25  through  32  actually  use  only  two  different 
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ensembles,  the  all-winds  ensemble  and  the  0  to  8  knots  winds 
ensemble.  Figures  33  to  36  use  two  additional  ensembles,  those 
cases  witli  weights  and  the  reassignment  of  cases  with  weights. 

The  variation  of  the  decay  curves  for  the  different  ensembles  are 
an  indication  of  the  effects  of  statistical  fluctuations.  For 
example,  the  one  standard  error  disagreement  for  the  all  winds, 
f  =  1.0,  S-m  data  disappears  for  the  weights  ensembles  in  Figure 
33. 

The  apparent  difference  in  persistence  between  Heavy  and 
Large  B-707  vortices  prompted  a  more  complete  study  of  the  avail¬ 
able  data.  The  decay  curves  for  vortex  1  shown  in  Figure  37  for 
f  =  1.0  and  5-m  averaging  radius  indicate  a  greater  persistence 
for  the  Heavy  class,  but  not  by  a  statistically  significant  amount. 
The  raw  data  for  the  two  longest  - 1 ived  voiticcs,  both  vortex  1  and 
2,  were  examined  in  detail  (see  Appendix  E)  and  were  found  to  have 
no  anomalies.  The  landing  weights  for  these  long-lived  cases  are 
not  particularly  high;  the  three  cases  having  weight  data  show 
weights  less  than  half  the  rms  variation  above  the  mean  B- 70711 
weight . 

The  obseiveu  diffeicncc  in  decay  between  Heavy  and  Large  B-707 
vortices  appears  to  be  mostly  accounted  for  by  a  reduced  persistence 
for  the  Large  categoiy  rather  than  an  increased  persistence  for 
the  Heavy  category.  The  Heavy  B-707  category  shows  good  agreement 
with  the  two  DC-8  categories. 

The  question  can  be  raised  about  the  usefulness  of  additional 
data  collection  on  the  strength  and  decay  of  B-707  and  DC-8  wake 
vortices.  It  would  require  increasing  the  size  of  the  data  base 
by  a  factor  of  4  to  reduce  the  errors  by  a  factor  of  2.  Such  an 
effort  may  not  be  cost  effective.  Additional  data  collection 
would  be  warranted  if  a  way  could  be  found  to  increase  the  number 
of  light  and  heavy  landing  weights,  along  with  more  careful 
identification  of  aircraft  by  model.  Such  data  could  quickly 
refine  the  estimates  of  the  weight  dependence  of  strength  and 
persistence. 
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PENDENCE  OF  VORTEX  DECAY  ON  AIRCRAFT  TYPE; 
METERS,  50  m2/s,  VORTEX  I,  ALL  WINDS 


In  summary,  it  was  found  that  landing  DC-8  and  DC-811  vortices 
cannot  be  distinguished;  the  hazaid  posed  by  a  DC- 811  vortex  is 
apparently  the  same  as  the  hazard  posed  by  a  DC- 8  vortex.  Since 
operating  experience  with  the  DC- 8  in  the  Large  category  has  not 
led  to  safety  problems  (Ref.  11),  the  data  herein  suggest  that 
the  DC-8H  could  be  reclassified  as  a  Large  for  landing  operations. 
The  B-707H  vortices  did  indicate  an  increased  persistence  compared 
to  B-707  vortices.  Although  the  hazard  posed  by  a  B-707H  vortex 
is  greater  than  the  hazard  posed  by  a  B-707  vortex,  the  level  of 
hazard  of  a  B-707H  vortex  is  apparently  the  same  as  the  level  of 
hazard  of  DC-8  and  DC-8H  vortices.  B-707  vortices  pose,  in  general, 
a  lesser  hazard  than  DC-8,  DC-8H,  and  B-707H  vortices.  As  noted 
above,  since  operating  experience  with  the  DC-8  in  the  Large 
category  has  not  led  to  safety  problems,  the  data  herein  suggest 
that  the  Heavy  B-707s  and  DC-8s  could  both  be  reclassified  as 
Large  for  landing  operations. 
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5.  ISSUES  IN  WAKE  VORTEX  CATEGORIZATION  OF  AIRCRAFT 


The  basic  operational  question  addressed  by  this  report  is 
the  safety  impact  of  reclassifying  all  B-707H  and  DC-8H  aircraft 
in  the  Large  category.  Section  4  approached  this  question  in  the 
conventional  way  by  asking  whether  there  is  any  significant  dif¬ 
ference  between  the  vortices  generated  by  the  Large  and  Heavy 
classes  of  the  same  aircraft  type.  In  the  case  of  the  B-707,  a 
statistically  significant  difference  was  in  fact  observed  within 
the  accuracy  of  the  measurements.  A  more  important  question  con¬ 
cerns  the  safety  implication  of  any  difference  between  the  Large 
and  Heavy  categories.  This  section  will  examine  the  latter  ques¬ 
tion  by  first  establishing  the  wake  vortex  hazard  characteristics 
of  the  Large  and  Heavy  categories,  and  then  examining  the  effect 
of  aircraft  weight  on  the  wake  vortex  hazard. 

5.1  WAKE  VORTEX  CHARACTERISTICS  FOR  LARGE  AND  HEAVY  AIRCRAFT 

The  assigning  of  aircraft  into  particular  wake  vortex  cate¬ 
gories  is  somewhat  arbitrary.  Since  the  persistence  of  the  wake 
vortex  hazard  increases  continuously  with  aircraft  size  (see 
Figures  17  to  24),  the  dividing  line  between  two. categories  falls 
into  a  continuum  of  hazards.  This  section  examines  the  vortex 
hazard  on  the  current  boundary  between  the  Large  and  Heavy  cate¬ 
gories  . 

The  data  in  Figures  17  to  24  show  that  DC-8  and  B-707  air¬ 
craft  generate  the  most  persistent  vortices  of  all  aircraft  in  the 
Large  category.  The  DC-8H  and  B-707H  vortices  were  found  to  be 
similar  to  DC-8  vortices,  but  in  some  cases  more  persistent  than 
B-707  vortices.  Since  the  DC-8  is  an  accepted  member  of  the  Large 
category,  one  can  use  the  common  DC-8/DC-8H/B-707H  vortex  decay 
data  to  characterize  the  upper  bo.undary  of  the  Large  category. 

The  characteristic  vortex  decay  for  the  Heavy  category  can  be 
obtained  from  the  data  in  Figures  17  to  24  for  the  B-747  and  the 
L-1011  which  show  similar  persistence.  The  other  widebody  aircraft 
studied,  the  DC-10,  shows  somewhat  less  persistent  vortices. 


To  evaluate  the  wake  vortex  hazard  for  aircraft  assigned  to 
the  Large  category,  one  must  evaluate  the  hazard  at  the  current 
separation  standards  of  3  nautical  miles  for  Large  and  4  nautical 
miles  for  Small  following  aircraft.  These  distances  translate  to 
times  of  80  and  107  seconds  for  a  typical  approach  speed  of  135 
knots  (70  m/s).  Table  6  lists  the  hazard  probabilities  at  these 
two  times  for  the  plots  in  Figures  17  to  32.  The  data  are  indi¬ 
cated  as  approximate  when  there  was  a  large  spread  in  values  for 
different  aircraft  categories  or  when  extrapolation  beyond  the 
range  of  the  data  was  required.  At  80  seconds  the  difference  be¬ 
tween  the  DC - 8/B - 7 07H/DC - 8H  group  and  the  Heavy  category  is  large 
for  semispans  or  averaging  radii  of  15  and  20  m  (e.g.,  a  following 
DC-9  and  B-707,  respectively),  about  a  factor  of  10  in  hazard  prob¬ 
ability  for  f  =  1.0.  This  difference  decreases  to  about  a  factor 
of  5  for  10-m  averaging  radius  (e.g.,  a  following  Gulfstream)  and 
to  about  3  for  S-m  averaging  radius  (e.g.,  a  following  Learjet). 

At  107  seconds  the  ratios  appear  to  be  somewhat  less,  although  the 
results  are  uncertain  because  of  ext rapolat ion  errors. 

The  results  in  Table  6  show  one  remarkable  consistency.  The 
DC-8/B-707H/DC-8H  hazard  probabilities  for  f  =  0.75  are  approxi¬ 
mately  the  same  as  the  B-747/L-1011  probabilities  for  f  =  1.0. 

Under  the  vortex  decay  hypothesis  of  Section  3.2,  this  similarity 
in  decay  can  be  interpreted  as  meaning  that  the  effective  vortex 
strength  for  the  B-747/L-1011  group  is  a  factor  of  1.33  (1.0/0.75) 
greater  than  that  for  the  DC-8/B-707H/DC-8H  group.  Thus,  a  simple 
numerical  factor  can  be  used  to  characterize  the  difference  in  vor¬ 
tex  hazard  between  the  upper  edge  of  the  Large  category  and  the 
middle  of  the  Heavy  category. 

5.2  SHOULD  LANDING  WEIGHT  PLAY  A  ROLE  IN  CATEGORIZATION? 

The  strength  of  the  wake  vortex  generated  by  a  landing  air¬ 
craft  depends  upon  the  actual  landing  weight  according  to  Equation 
(2).  An  aircraft  landing  at  the  maximum  certificated  landing  weight 
could  conceivably  produce  a  significantly  more  hazardous  wake  than 
one  landing  at  the  average  weight.  This  section  makes  use  of  the 
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0 

5 

*0.002 

*0.005 

*0.001 

■0.003 

10 

*0.001 

*0.003 

■*0.0002 

*0.001 

1  _ 

f  =  0.75 

(m) 

All  Winds 

Winds  0-8  Knots 

All  Winds 

Winds  0-8  knots 

B-707/DC-8,  Age  =  80  seconds 

5 
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*0.2* 

- 

- 

10 

*0.04 

''"0.1 

*0.11 

*0.3 

15 

0.02 

*0.06 

0.05 

-0.09 

20 
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*0.015 

0.04 
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B-707/DC-8,  Age  =  107  seconds 
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*0.02* 

- 

- 

10 
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*0.02 

r^ 

O 

O 
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10 


-0.02 
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concepts  and  data  of  Sections  3  and  4  to  estimate  the  increase  of 
hazard  from  a  fully  loaded  aircraft  compared  to  an  aircraft  at 
average  weight . 

Table  "  evaluates  the  estimated  strength  of  a  vortex  generated 
at  the  maximum  allowed  landing  weight  (B-',0~H  at  247,PP0  lb,  DC-8H 
at  245,000  lb").  The  data  from  Table  3  and  a  power-law  relationship 
between  strength  and  weight  (Equation  (51)  are  used  to  relate  the 
maximum  strength  to  the  average  strength.  The  power  0.5  was  justi¬ 
fied  on  theoretical  grounds  in  Section  3.1  and  was  consistent  with 
the  data  in  Section  4.1.2.  The  results  in  Table  ~  show  a  14  per¬ 
cent  increase  in  vortex  strength  for  the  B-707H  and  an  11  percent 
increase  for  the  DC-8H  at  their  maximum  allowed  landing  weight. 

Table  "  also  references  these  strengths  to  the  average  strength  of 
the  strongest  vortex  in  the  Large  category,  namely  the  PC-8.  These 
results  indicate  that  the  heaviest  B-707H  could  generate  a  19  per¬ 
cent  stronger  vortex  than  a  typical  DC-8.  The  DC-8H,  however, 
shows  a  possible  increase  of  only  13  percent. 

At  the  end  of  Section  5.1  the  vortex  hazard  from  the  widebody 
aircraft  was  characterized  by  an  effective  strength  33  percent 
greater  than  that  of  the  DC-8.  From  Table  ~  one  can  see  that  the 
heaviest  DC-8H  produces  a  vortex  only  13  percent  stronger  than  an 
average  weight  Large  DC-8.  The  heaviest  DC-8H  is  therefore  closer 
to  the  Large  category  than  to  the  B-747/L-1011  group.  The  heaviest 
B-"’07H  could  have  a  strength  19  percent  larger  than  the  average 
large  DC -8  and  thus  would  fall  about  half  way  between  the  B-74-/ 

I. - 1 0 1 1  group  and  the  Large  category.  The  resulting  increase  in 
vortex  hazard  probability  would  be  about  a  factor  of  2  or  3  at  80 
seconds  according  to  Table  6.  Since  the  B-707H  and  nC-8H  appar¬ 
ently  land  a*  weights  less  than  the  permitted  maximum  landing  weight 
(see  Figures  4  and  5  and  Table  8  in  Appendix  A),  the  B-70"7H  and 
DC-8H  are  closer  to  the  Large  category  (i.e.,  the  DC-8)  than  to 
the  B-747/L- 1 01 1  or  Heavy  group.  This  observation  is  underscored 
when  the  strength  ratios  are  compared  to  the  heaviest  DC-8  (maxi¬ 
mum  landing  weight,  199,500  lb;  average  landing  weight,  183,000  ]b). 
The  ratios  of  r,jv  for  the  B-70711  and  PC-8H  to  Fmax  for  the  Large 
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TABLE  7.  LANDING  WEIGHTS  AND  MAXIMUM  INITIAL  VORTEX 
STRENGTHS  FOR  THE  B-707H  AND  DC-8H 


Landing  Weights  and  Maximum  Initial 

Vortex  Strengths 

B-707H 

DC-8H 

Maximum  Landing  Weight  (lb) 

247,000 

245,000 

Average  Landing  Weight  (lb) 

190,000 

199,000 

Ratio  Max./Ave.  Landing  Weight 

1.30 

1.23 

Power  of  r  versus  W,  Equation  (5) 

0.5 

0.5 

rmax^rave 

1.14 

1.11 

w5"^';8  <5  "> 

1.20 

1.12 

rmax<10”>/r«;8  no  m) 

1.20 

1.14 

no  m) 

1.18 

1.13 

DC-8  are  0.97  and  0.93,  respectively.  Thus,  the  strength  of  a  vor¬ 
tex  from  the  heaviest  DC-8  is  greater  than  the  strengths  of  the 
average  B-707H  and  DC-8H.  As  argued  before,  since  the  DC-8  is  an 
accepted  member  of  the  Large  category,  the  analysis  herein  further 
supports  recategorizing  the  B-707H  and  DC-8H  from  the  Heavy  cate¬ 
gory  to  the  Large  category. 
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6.  BRITISH  OBSERVATIONS  IN  THE  INCIDENT 
REPORTING  SYSTEM 


Prior  to  August  1978,  the  United  Kingdom  (UK)  included  the 
B-707H  and  DC-8H  in  the  Large  weight  category  for  the  purpose  of 
wake  vortex  separation  on  the  approach.  Subsequently,  the  UK 
adopted  the  US/ICAO  division  of  the  B-707  and  DC-8  aircraft  into 
both  the  Heavy  and  Large  categories;  the  dividing  line  between 
Heavy  and  Large  aircraft  was  lowered  by  the  UK  from  375,000  lb  to 
300,000  lb. 

The  UK  has  an  active  and  successful  program  for  reporting 
apparent  wake  vortex  incidents  (Ref.  12),  particularly  for  opera¬ 
tions  at  Heathrow  airport.  Prior  to  the  rule  change  the  incident 
probability  behind  Heavy  aircraft  (in  this  case,  more  than  375,000 
lb  certificated  maximum  gross  takeoff  weight)  was  comparable  to 
the  incident  probability  for  Large  aircraft  behind  aircraft  with 
certificated  maximum  gross  takeoff  weights  between  300,000  and 
375,000  lb.  Thus,  the  separation  standard  which  grouped  all  B-707 
and  DC-8  aircraft  into  the  same  category  (Large)  gave  a  well- 
balanced  system  in  which  the  incident  probability  was  approximately 
the  same  for  various  aircraft  pairs.  Subsequent  to  the  rule 
change,  the  incident  risk  to  aircraft  following  a  B-707H  or  RC-8H 
has  been  virtually  eliminated  (the  minimum  separation  was  increased 
from  3  to  6  nautical  miles  for  most  following  aircraft);  however, 
the  incident  risk  to  B-707H/DC-8H  aircraft  following  widebody 
aircraft  has  increased  at  least  fourfold  (the  minimum  separation 
was  decreased  from  6  to  4  nautical  miles)  and  is  now  the  highest 
risk  of  any  category. 

In  a  related  situation,  the  UK  have  experienced  some  compli¬ 
cations  with  the  categorization  of  the  A-300B.  When  introduced 
into  service,  the  A-300B  was  classed  as  Large  along  with  the  B-707H 
(recall  that  the  UK  dividing  line  was  at  375,000  lb).  However,  an 
unacceptably  high  vortex  incident  rate  led  to  reclassifying  the 
A-300B  as  a  Heavy  when  landing,  although  this  special  situation 
became  redundant  when  the  UK  accepted  the  ICAO  criteria  promulgated 
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in  August  1978.  The  point  is  that,  perhaps  maximum  certificated 
gross  takeoff  weight  may  not  be  the  best  discriminant  of  vortex 
hazard. 

Including  the  B-707H  and  DC-8H  in  the  Heavy  category  has 
brought  about  a  reduction  in  capacity  in  the  UK  without  any  appar¬ 
ent  overall  increase  in  safety.  The  evidence  collected  both  prior 
to  and  since  August  1978  through  the  incident  reporting  system 
appears  to  support  the  unification  of  all  B-707/DC-8  aircraft  in¬ 
to  the  Large  category. 
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APPENDIX  A 


LANDING  WEIGHTS  OF  HEAVY  DC-8  AIRCRAFT 


To  determine  whether  the  landing  weights  of  Heavy  aircraft  at 
O'Hare  airport  were  characteristic  of  landing  weights  at  other 
airports,  data  were  obtained  for  other  airports  from  the  United 
Airlines  Area  Operations  Manager.  The  results  for  Heavy  DC-8 
aircraft  are  shown  in  Table  8.  The  calculated  mean  and  standard 
deviation  of  the  landing  weights  are  205,900  and  11,500  lb,  re¬ 
spectively.  The  lowest  landing  weight  was  178,100  lb.  Comparing 
these  results  with  those  in  Figures  4  and  5  and  in  Table  2,  it 
appears  that  the  only  difference  between  the  two  distributions  occurs 
at  the  low  weight  end  where  the  O'Hare  data  show  a  number  of  land¬ 
ings  below  175,000  lb.  The  O'Hare  mean  value  is  about  2  percent 
lower  and  the  standard  deviation  about  30  percent  larger  than  the 
data  in  Table  8.  These  small  differences  are  most  likely  due  to 
the  misidentif ied  non-Heavy  DC-8s  which  have  a  peak  in  weight 
distribution  at  175,000  lb. 


TABLE  8.  LANDING  WEIGHTS  OF  UNITED  AIRLINES  HEAVY  DC-8  AIRCRAFT 


ORIGIN 


FLUE  NO. 


1/14/80 


207.400  lb 

192.500  lb 
209,000  lb 

226.400  lb 

202.300  lb 

199.300  lb 

197.300  lb 

205.400  lb 

214.500  lb 
216,700  lb 
213,000  lb 
206,100  lb 
223,800  lb 

213.200  lb 

221.200  lb 

207.200  lb 
222,900  lb 

180.500  lb 


1/15/80 

1/16/80 

192,200  lb 

192,600  lb 

199,900  lb 

197,600  lb 

213,800  lb 

216,400  lb 

217,100  lb 

208,200  lb 

202,400  lb 

205,900  lb 

200,600  lb 

194,400  lb 

197,100  lb 

178,100  lb 

191,500  lb 

199,600  lb 

209,500  lb 

206,300  lb 

198,900  lb 

202,600  lb 

212,300  lb 

200,600  lb 

216,400  lb 

214,900  lb 

201  ,800  lb 

200,700  lb 

210,200  lb 

209,800  lb 

198,700  lb 

193,200  lb 

224,700  lb 

233,300  lb 

204,000  lb 

194,100  lb 
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APPENDIX  B 


ERROR  ANALYSIS 


This  appendix  presents  the  error  analysis  for  the  least- 
square  fit  to  the  strength  r  versus  weight  W  data  described  in 
Section  "  .1.3.  The  statistical  analysis  can  be  found  in  any 
standard  statistics  book  (e.g.,  Ref.  13).  The  fitted  slope  of 
the  linear  fit  is  given  by 
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N 

z  r 

i=  1 


iWi 


i=l 


(Bl) 


where  N  is  the  number  of  measurements.  The  variance  of  the 
strength  is  estimated  by 


s2  =  [If2  -  a2  S  W2]/(N-2) . 


The  standard  error  of  the  average  strength  measurement  is  s/N 
The  standard  error  sn  in  the  power  n  is  given  by 
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APPENDIX  C 


HAZARD  PROBABILITY  PLOTS 


This  appendix  contains  the  disaggregated  plots  of  hazard 
probability  versus  time  for  B-707/B-707H  and  DC-8/TIC-8H  aircraft. 
Figures  38  to  43  compare  the  curves  for  all  vortices  and  all  winds 
for  the  Large  and  Heavy  cases.  (Two  plots  in  this  set  are  in¬ 
cluded  as  Figures  13  and  14  in  the  main  body  of  the  report.) 

These  results  are  disaggregated  into  vortices  1  and  2  and  winds 
less  than  8  knots  in  Figures  44  to  59.  There  were  enough  Large 
B-707  cases  to  plot  the  curves  for  winds  less  than  5.5  knots  and 
they  are  shown  in  Figure  60. 
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FIGURE  39.  PROBABILITY  OF  DECAY,  B-707  AND  B-707H,  lS-m  AVERAGING  RADIUS 


0C-8H 


PROBABILITY  OF  DECAY,  DC-8  AND  DC-8H,  5-m  AVERAGING  RADIUS 


FIGURE  42.  PROBABILITY  OF  DECAY,  DC-8  AND  DC-8H,  15-m  AVERAGING  RADIUS 


FIGURE  44.  PROBABILITY  OF  DECAY,  B-707  AND  B-707H,  VORTEX  1  AND 
5-m  AVERAGING  RADIUS 


FIGURE  45.  PROBABILITY  OF  DECAY,  B-707  AND  B-707H,  VORTEX 
10-m  AVERAGING  RADIUS 


15  METERS 


FIGURE  46.  PROBABILITY  OF  DECAY,  B-707  AND  B-707H,  VORTEX  1  AND 
l'-m  AVERAGING  RADIUS 


PROBABILITY  OF  DECAY,  B-707  AND  B-707H,  VORTEX  1  AND 
20- m  AVERAGING  RADIUS 


Aimaugodd 


FIGURE  48.  PROBABILITY  OF  DECAY,  DC-8  AND  DC-8H,  VORTEX  1  AND  2 
5-m  AVERAGING  RADIUS 


FIGURE  50.  PROBABILITY  OF  DECAY,  DC- 8  AND  DC-8H,  VORTEX  1  AND 
15-m  AVERAGING  RADIUS 


KNOTS,  5-m  AVERAGING  RADIUS 


PROBABILITY  OF  DECAY,  B-707  AND  B-707H,  WINDS  LESS  THAN 
8  KNOTS,  10-in  AVERAGING  RADIUS 


PROBABILITY  OF  DECAY,  B-707  AND  B-707H,  WINDS  LESS  THAN 
8  KNOTS,  1 5 -m  AVERAGING  RADIUS 


FIGURE  55.  PROBABILITY  OF  DECAY,  B-707  AND  B-707H,  WINDS  LESS  THAN 
8  KNOTS,  20-m  AVERAGING  RADIUS 


PROBABILITY  OF  DECAY,  DC-8  AND  DC-8H,  WINDS  LESS  THAN 
8  KNOTS,  5-m  AVERAGING  RADIUS 


FIGURE  57.  PROBABILITY  OF  DECAY,  DC- 8  AND  DC-8H ,  WINDS  LESS  THAN 
8  KNOTS,  10-m  AVERAGING  RADIUS 


FIGURE  60.  PROBABILITY  OF  DECAY,  B-707,  VORTEX  2,  WINDS  LESS 
THAN  S . 5  KNOTS 


APPENDIX  D 


STATISTICAL  ERRORS  IN  VORTEX  HAZARD  PROBABILITY 


This  appendix  estimates  the  statistical  errors  in  the  vortex 

} 

hazard  probability  F(r^,,t),  which  is  the  fraction  of  vortices 
whose  strength  is  above  the  hazard  threshold  at  time  t.  One 
can  obtain  the  probability  P(t)  of  a  vortex  falling  below  the 
threshold  at  time  t  as: 

P(t)  =  -  ,  CD1) 

where  the  explicit  strength  dependence  of  F  has  been  dropped. 

The  normalization  of  P(t)  is 


/  P(t)  dt  =  F(0)  -  F  (°°)  =  1.  CD2) 


For  the  purposes  of  error  analysis,  take  the  functional  form  for 
F(t)  as 


F(t) 
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-at 


2 


(D3) 
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which  gives  a  straight  line  on  a  plot  of  log  F  versus  t  .  This 
expression  can  be  rearranged  to  the  form 

an  F(t)/an  F (1 00)  =  (t/100)2  (D4) 


where  the  coefficient  a  is  replaced  by  the  value  of  F  at  100 
seconds . 

With  this  definition  of  the  problem,  one  can  generate  en¬ 
sembles  of  N  vortex  cases  using  a  random  number  function  to 
generate  random  times  for  the  disappearance  of  the  vortex  hazard. 
A  random  number  function  RAN  generates  numbers  between  0.0  and 
1.0  with  a  uniform  probability  distribution.  The  probability  of 
RAN  falling  between  x  and  x+dx  is  dx. 

Let 


F(t)  =  x 
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and  one  obtains  the  probability  of  disappearance  times  between 
t  and  dt  of 

dx  =  dt  =  P(t)dt.  (Db) 

Thus,  equation  (D6)  leads  to  the  desired  probability  P(t).  In¬ 
vert  equation  (D4)  to  get  the  time  corresponding  to  a  value  of 
x  =  RAN: 

t  =  100  ( £n  x/£n  F(100))1/2.  (D7) 


An  ensemble  of  N  cases  will  have  N  disappearance  times  t..  The 

resulting  value  of  (t)  (for  the  j-th  ensemb’e)  is  simply  the 

ratio  of  the  number  of  cases  with  t.>t  to  the  total  number  of 

J 

cases  N.  Now  compute  the  mean  value 


F  (t)  = 


Ki 
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j  =  i 


F.(t) 


(P8) 


and  the  standard  deviation  o 


2 ...  1 
a  (t)  =  TFT 
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j  =  l 


(Fj ( t )  -  F ( t )  )  “ 


(no) 


by  evaluating  M  ensembles. 

Numerical  evaluation  shows  that  F(t)  =  F(t),  the  original 
function  as  long  as  many  samples  are  included  with  t.Nt.  The 

2  J 

quantity  No  (t)  is  found  to  be  independent  of  N  under  the  same 
conditions.  In  addition,  the  value  of  o(t)  shows  no  dependance 
upon  F(100),  Figure  61  plots  the  o(t)  results.  It  can  be  seen 
that  for  F<0.1,  the  calculated  values  are  consistent  with  the 
solid  line  which  corresponds  to  the  equation 

1/2 


o  =  (F/N) 


(DIO) 


The  simple  form  of  this  equation  suggests  that  an  analytical 
derivation  should  be  possible.  Equation  (DIO)  can  be  rewritten 
in  the  form: 


^  =  CFFN)1/2 
o/F  =  (Fn/F)1/2 


(Dll) 
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where  Fw  =  1/N  is  the  lowest  probability  which  can  be  plotted  on 
N  2 

a  log  F  versus  t  plot  for  N  cases.  Thus,  the  error  bars  (o/F) 
on  an  log  F  versus  t  plot  (see  Fig.  62)  depend  only  upon  the 
ratio  of  F  to  F^t,  the  last  point  plotted  (assuming  N  roughly 
constant).  At  the  last  point  the  standard  deviation  equals  the 
probability.  Figure  62  shows  what  the  standard  error  bars  look 
like  for  N  =  10,  100,  and  1000.  One  should  note  that  the  prob¬ 
ability  distribution  for  F  cannot  be  Gaussian  when  o  is  near 
in  value  to  F  since  F  cannot  be  negative. 
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APPENDIX  E 

FOUR  LONG-LIVED  B-707H  VORTICES 

This  appendix  contains  the  MAVSS  processing  displays  for  the 
four  long-lived  vortices  from  Heavy  B-707  aircraft  (Figures  63 
to  70).  Table  9  shows  the  parameters  for  these  cases.  In 
addition  to  showing  cases  which  are  important  to  the  analysis  of 
this  report,  they  also  serve  to  illustrate  the  type  of  data 
collected . 

The  display  figures  are  described  in  detail  in  Volume  I  of 
this  report.  The  first  figure  of  each  set  shows  the  vortex  de¬ 
tections  (vertical  lines)  obtained  by  a  correlator  designed  to 
match  the  vortex  signature.  The  second  figure  of  each  set  shows 
the  velocity  and  spectral  width  profiles  on  the  left  hand  side 
and  the  vortex  trajectories  (height  and  lateral  position  versus 
time)  on  the  right  hand  side. 


TABLE  9:  LONG-LIVED  B-707H  CASES 


TAPE 

RUN 

LONG-LIVED  VORTEX 

WEIGHT 

TIME  FOR  r ' ( 5  m)  =  50  m^/s 

3153 

123 

#2 

201,000  lb 

98  sec 

31 56 

151 

#2 

N .  A . 

85  sec 

3142 

51 

#1 

198,000  lb 

78  sec 

31 58 

67 

#1 

185,000  lb 

71  sec 

FIGURE  63.  HARD  COPY  OUTPUT:  TAPE  3153,  RUN  123,  VORTEX  DETECTIONS 


FIGURE  64.  HARD  COPY  OUTPUT:  TAPE  3153,  RUN  123,  VELOCITY  SPECTR 
AND  VORTEX  TRAJECTORIES 


FIGURE  65.  HARD  COPY  OUTPUT:  TAPE  3156,  RUN  151,  VORTEX  DETECTIONS 


HARD  COPY  OUTPUT:  TAPP  3156,  RUN'  151,  VELOCITY  SPECTRAL  WIDTH  PROFILES 
AND  VORTEX  TRAJECTORIES 


FIGURE  68.  HARD  COPY  OUTPUT:  TAPE  3142,  RUN  51,  VELOCITY  SPECTRAL  WIDTH  PROFILES  AND 
VORTEX  TRAJECTORIES 


FIGURE 


FIGURE  70.  HARD  COPY  OUTPUT:  TAPE  3158,  RUN  67,  VELOCITY  SPECTRAL  WIDTH  PROFILES  AND 
VORTEX  TRAJECTORIES 
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WEIGHT  DEPENDENCE  OF  VORTEX  STRENGTH  AT  LONG  TIMES 


This  appendix  describes  an  attempt  to  use  the  time  history 
data  (Figure  3c)  to  analyze  the  weight  dependence  of  vortex 
strength  at  long  times.  The  analysis  of  Section  4.1.2  is  of 
limited  use  beyond  40  or  50  seconds.  Using  the  time  histories 
produces  a  much  larger,  number  of  valid  cases  at  any  given  time 
and  also  deals  consistently  with  the  decay  of  vortex  strength 
below  the  detection  threshold.  The  cost  of  these  advantages  is 
the  uncertainty  introduced  by  the  extrapolation  of  vortex  strength 
to  zero.  The  statistical  analysis  of  Section  4.1.2  was  applied 
to  the  ensemble  of  vortex  time-history  data  at  time  increments  of 
10  seconds.  The  results  are  plotted  in  Figures  71  to  73. 

Figure  71  shows  the  decay  in  mean  vortex  strength  with  age. 
The  straight  line  in  the  plot  corresponds  to  decay  as  the  inverse 
square  of  the  age  (a  functional  dependence  observed  in  analyses 
of  Volume  III  of  this  report).  The  measured  decay  shows  approxi¬ 
mate  agreement  with  this  dependence  after  40  seconds.  At  long 
times  the  decay  rate  increases. 

The  weight  versus  strength  power  law  is  shown  in  Figures 
72  and  73.  The  open  symbols  show  the  basic  data  and  the  solid 
symbols  show  the  results  of  reassigning  the  categories  according 
to  landing  weight  (Section  2.2).  The  most  notable  feature  of 
these  results  is  the  rapid  increase  in  the  power  n  with  vortex 
age.  At  first  glance  this  effect  would  indicate  that  the  vortex 
decay  is  slower  for  heavier  aircraft.  In  fact,  an  analytical 
analysis  (developed  below)  shows  that  this  increase  can  be  attri¬ 
buted  to  the  assignment  of  zero  strength  to  vortices  below  the 
detection  threshold.  Because  of  this  problem,  the  time-history 
data  were  also  processed  with  the  exclusion  of  zero  strength  data. 
Points  with  more  than  20  cases  are  plotted  in  Figures  72  and  73 
with  crossed  symbols.  Excluding  T’  =  0  data  reduces  the  values 
of  n  and  introduces  more  scatter  because  of  the  reduced  number 
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of  cases.  The  vortex  decay  curves  in  Figure  71  and  the  power 
dependence  curves  in  Figures  72  and  73  are  undoubtedly  strongly 
influenced  by  the  time  history  extrapolation  procedure  (Section 
2.1)  and  thus  must  be  regarded  of  limited  usefulness. 

Now  examine  the  effect  of  a  vortex  detection  threshold  on 
the  measured  power  n.  According  to  the  analysis  in  Volume  III, 
the  distribution  function  P(F)  for  the  vortex  strength  can  be 
modeled  as 

P(D  =  exp  (-r/7),  (FI) 

where  7  is  the  average  strength.  If  we  have  a  strength  detec¬ 
tion  threshold  r^,  below  which  the  strength  is  zero,  then  one 
obtains  the  measured  average  strength  as 

r  exp  (-r/7)dr/f  exp  (-r/7)dr 

/  *'°  (  F2  ) 

=  (  rT  +  7  )  exp  C-rT/7) 

when  all  cases  are  included,  or 


exp  ( - r/ r) d r 


(F3) 


if  the  cases  with  zero  strength  are  excluded.  The  power  n  can  be 
expressed  as 


dr 

n  =  3W 


(?)  •  (F4) 
The  corresponding  expressions  for  n  with  a  threshold  are 

-  n  { - i - M  0’S) 

\  1  +  rT/r  r  / 
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for  all  cases,  and 


n 


2 


n 


_1 _ 

+  rT/r 


) 
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for  zero  strength  cases  excluded.  In  this  model  the  value  n^ 
for  all  cases  is  greater  than  n  and  the  value  for  zero 
strengths  excluded  is  less  than  n.  The  errors  can  become  large 
when  T  is  less  than  T^,.  Although  this  model  is  not  an  accurate 
representation  of  the  extrapolation  process  leading  to  zero 
strength,  it  does  give  the  trend  observed  in  the  data  of  Figures 
72  and  73. 
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